). Abbreviations: DP, degree of polymerization; DSC, differential scanning calorimetry; RVA, Rapid visco analyser.
The lotus (Nelumbo nucifera Gaertn.) rhizome is widely cultivated and distributed in Japan. Lotuses cultivated in Japan are classified into at least ten kinds of cultivar based on their morphological characteristics.
1) Chinese lotus is a major product in Japan, with its main production area in Ibaraki Prefecture. According to criteria for vegetable cultivation from the Ibaraki Agriculture Institute 2) , Kanasumi-lines (Nos. 20 and 34) and Kohoku-No-Hikari are the major cultivars derived from the Chinese lotus. The Shina-shirohana cultivar derived from the Chinese lotus is named Kaga lotus and is mainly cultivated in Ishikawa Prefecture. The Kaga lotus is used as an ingredient in traditional local dishes (Kaga dishes). One of the characteristic features of the Kaga lotus rhizome is its high stickiness compared with lotus rhizomes cultivated in other prefectures. Kaga lotus is a very important ingredient of Hasu-mushi (steamed grated lotus ball) in Kaga dishes because of this highly sticky texture. The edible parts of raw lotus rhizome contain 16% carbohydrate, making it the largest component of the rhizome except water.
3) We consider that the starch component of the total carbohydrate is a very important factor governing the high viscosity of Kaga lotus.
In this study, we aim to investigate the physicochemical properties of the starch from the Kaga lotus rhizome by comparing it with starch from the Ibaraki lotus rhizome cultivated in Ibaraki Prefecture.
Kaga lotus rhizomes cultivated in Ishikawa Prefecture were purchased in May 2011 at a local market (Nonoichi, Japan). The Ibaraki lotus rhizomes cultivated in Ibaraki Prefecture were also obtained in May 2011 at a local market (Kanazawa, Japan). Isoamylase from Pseudomonas amyloderamosa was purchased from Hayashibara Co. Ltd. (Okayama, Japan). Other reagents were of analytical grade and were obtained commercially. Starches from the lotus rhizomes were purified as described previously.
4) Pasting properties were analyzed using a Rapid Visco Analyser (RVA, model 3D; Newport Scientific Ltd., Sydney, Australia). A pasting curve of starch was obtained using a starchwater suspensions (6%, w/w, dry starch basis, 28.0 g total weight). The suspension was analyzed as follows: heating from 50 to 90 C at 6 C/min (after an equilibration time of 1 min at 50 C), a holding period at 95 C for 5 min, cooling from 95 to 50 C at 6 C/min and a holding phase at 50 C for 2 min. The rotational speed of the paddle was a constant 160 rpm. The gelatinization properties of the starches were analyzed using a differential scanning calorimeter (Exstar DSC 6000; Seiko Instruments Inc., Chiba, Japan). Starch (about 10 mg) was loaded into a silver cell with 50 µL of distilled water, mixed and the cell sealed. An empty silver cell was used as the reference in the analysis. The scanning temperature range was between 10 and 120 C with a heating rate of 1 C/min. Thermodynamic parameters were determined based on the DSC curve. The apparent amylose content of lotus starch was calculated as described previously.
5) The total phosphorus concentration of the lotus starch was determined by molybdenum blue spectrophotometric analysis.
6 8) The granule shapes of the lotus starches were observed using an ECLIPSE LV100 POL polarizing microscope (Nikon Corp., Tokyo, Japan). The starch granules were also observed by scanning electron micros- Key words: lotus, Nelumbo nucifera Gaertn., rhizome, Shina-shirohana cultivar, starch copy. The samples were fixed with vapor from 1% OsO4 in 0.05 M cacodylate buffer at pH 7.2 for 1 h then coated with 8-nm-thick platinum using an ion-sputter (Hitachi E-1010, Hitachi High-Technologies Corp., Tokyo, Japan). The metalcoated specimens were observed under a field emission scanning electron microscope (Hitachi S-4700) at 15 kV. The chain-length distribution of the lotus starch was determined according to previously reported methods.
9,10)
The starch granule size was measured with a Microtrac MT3300 EXII laser diffraction instrument (Nikkiso Co., Ltd., Tokyo, Japan) after sonication in water. The size was determined at 10, 50 and 90% from the frequency distribution data where 50% represents the average granule size. T-tests were carried out on independent samples using StatMate IV (ATMS, Tokyo, Japan). Differences were considered significant at p < 0.05. Figure 1 shows RVA pasting curves of starches derived from Kaga and Ibaraki lotuses. RVA parameters are summarized in Table 1 . The peak viscosity value of Kaga lotus starch was 8% higher than that of Ibaraki lotus starch. Kaga lotus starch had a pasting temperature 2 C lower than that for Ibaraki lotus, indicating that starch from Kaga lotus becomes viscous more readily than starch from Ibaraki lotus. The setback value for Kaga lotus starch was 85% of the value for Ibaraki lotus starch, suggesting that starch from the Kaga lotus was insensitive to retrogradation compared with starch from the Ibaraki lotus. Table 2 shows the thermodynamic parameters of starch from lotus rhizomes determined by DSC analysis. The peak and onset temperatures for Kaga lotus starch had a 1.8 C lower peak temperature and a 1.7 lower onset temperature of DSC. The ΔH of starch from Kaga lotus was also just 71% of that from the Ibaraki lotus. These results suggest that starch from the Kaga lotus is more readily susceptible to gelatinization compared with starch from the Ibaraki lotus. The X-ray diffraction patterns of starches from Kaga and Ibaraki lotus rhizomes were quite similar (data not shown). Suzuki et al. 4) reported that the X-ray diffraction pattern of starch from lotus cultivated in Tokushima prefecture was a C type which was the same as the patterns observed in this study. Figure 2 shows the ultrastructures of the starch granules from Kaga and Ibaraki The dotted circles indicate a hilum at the end of the starch granules. lotuses obtained by scanning electron microscopy. Hilum was observed at the end of starch granules from both lotus rhizomes, resulting in the characteristic marks. 4,11) The average starch size was similar in both starches (data not shown). The ratio of the long to short axes of starch granules (Fig. 3) , calculated on the basis of microscope photographs, was significantly higher for the Kaga lotus than for the Ibaraki lotus (p < 0.001; n = 35). Many reports have indicated that a high proportion of DP 6 10 unit chain in amylopectin affects the high viscosity of starches.
12 14) However, the chain content between DP 6 and 9 of starch from Kaga lotus was similar to that from Ibaraki lotus (data not shown). In general, the phosphorus content of starch from potato is a very important factor in determining its viscosity. 15, 16) The apparent amylose content of starch from Kaga lotus (11.3 1.8%) was lower than that of starch from Ibaraki lotus (14.7 0.5%). However, the phosphorus content in the starches from Kaga and Ibaraki lotuses at 154 and 156 ppm, respectively, were very similar. The amylose to amylopectin ratio of starch is known to be an important determinant of its physicochemical properties.
14) The lower amylose content of starch from the Kaga lotus was a key characteristic which resulted in its viscosity being higher than that of starch from Ibaraki lotus.
In conclusion, RVA analysis has shown that the peak viscosity of starch from the Kaga lotus was higher than that from the Ibaraki lotus. Our analyses have indicated that the major differences between the starches are the apparent amylose content and the shape. At present, we consider that the amylose content in starch from the Kaga lotus would affect its physicochemical properties. We are currently investigating the properties of starches from Kanasumi No. 20 and Kaga lotus rhizomes cultivated at the same farm in Ishikawa Prefecture and will report these results in due course. To, Tp, Tc and ΔH indicate onset, peak and conclusion temperatures and enthalpy change. These parameters are given as the average value standard deviation (n = 3). Thirty-five starch granules of each lotus were randomly selected and their axes measured. Each value is presented as mean standard deviation.
